A research cruise in the North Atlantic during the annual diatom bloom provided an ideal platform to study chlorophyll-a (chl-a) transformations associated with a large scale diatom bloom and export below the photic zone. On one deployment, Lagrangian sediment traps captured a significant flux of aggregated diatom cells produced during the termination of the main bloom. We examined the distribution of chl-a transformation products in sinking particles from the sediment traps and in suspended particles from the water column using highresolution HPLC with multistage mass spectrometry (LC-MS n ). There was a dramatic change in the distribution of chl-a and its transformation products between the pre-sinking period, when the average chl-a concentration integrated over the upper 50 m was 68 ± 36 mg m −2
Introduction
Spring phytoplankton blooms are a recurrent feature in the North Atlantic (Henson et al., 2009) , and can lead to substantial downward export of phytoplankton biomass (Lampitt, 1985; Turner, 2002) . The decline of phytoplankton blooms may be linked to zooplankton herbivory, bacterial infection, viral lysis, or nutrient limitation (Agusti et al., 1998; Bidle and Falkowski, 2004; Brussaard et al., 1995; Kirchman, 1999) , which represent different possible fate processes for the phytoplankton biomass. Overall, however, our knowledge of phytoplankton bloom decline is limited, which hampers our understanding of the marine carbon cycle.
Different fate processes cause the break-down of chlorophyll-a (chla) into a range of different transformation products, the profile of which might yield insights into which fate processes dominate in a particular instance. Chl-a transformation products have hence been widely studied in laboratory culture experiments examining the effects of zooplankton grazing (Goericke et al., 2000; Harris et al., 1995a; Head and Harris, 1992; Kashiyama et al., 2012; Shuman and Lorenzen, 1975; Talbot et al., 1999) , phytoplankton senescence (Bale et al., 2011; Franklin et al., 2012; Louda et al., 1998 Louda et al., , 2002 Owens and Falkowski, 1982; Spooner et al., 1994) , viral lysis (Bale et al., 2013; Llewellyn et al., 2007) and bacterial infection (Satoh and Hama, 2013; Spooner et al., 1994; Szymczak-Zyla et al., 2008) . Chl-a transformation products have also been studied in the natural environment (Goericke et al., 1999; Hallegraeff, 1981; Head and Horne, 1993; King and Wakeham, 1996; Llewellyn et al., 2008; Walker and Keely, 2004) .
These studies have shown that degraded biomass can be readily detected by the appearance of common degradation products such as pheophorbides. More specifically, sterol chlorin esters (SCEs) and Marine Chemistry 172 (2015) [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] carotenol chlorin esters (CCEs) have been associated only with zooplankton grazing in the natural environment (Chen et al., 2003a (Chen et al., , 2003b Goericke et al., 1999; King and Repeta, 1991) , although a culture study showed that microbial degradation could yield minor amounts of SCEs (Szymczak-Zyla et al., 2008) . Further, cyclic pheophorbide enols have been associated with protist herbivory (Kashiyama et al., 2012 (Kashiyama et al., , 2013 , as well as sulfide-mediated reactions in carbonate marls (Louda et al., 2000) .
So far, however, other chl-a transformation products could not be linked specifically to individual fate processes. Rather, the particular transformation products produced appears to depend on the species of phytoplankton (Bale et al., 2011; Hallegraeff, 1981; Jeffrey and Hallegraeff, 1987; Louda et al., 1998 Louda et al., , 2002 Owens and Falkowski, 1982) , the physiochemical environment (Louda et al., 1998 (Louda et al., , 2002 Yacobi et al., 2001) , and, in the case of grazing, on the species of grazer and on whether the grazing is primary or secondary (coprophagy) (Burkill et al., 1987; Gieskes et al., 1991; Goericke et al., 2000; Hallegraeff, 1981) . Furthermore, North Atlantic spring diatom blooms are often thought to be terminated by silicic acid limitation (Henson et al., 2006; Leblanc et al., 2009; Savidge et al., 1995) , with major export of phytodetrital aggregates taking place upon bloom termination (Billett et al., 1983 ). However, while many studies have attributed certain chl-a transformation products to terms such as 'cell stress', 'senescence' and 'death', transformation products associated with potentially nutrient-depleted phytodetrital aggregates have not been studied.
Here, we applied high-resolution HPLC with multistage mass spectrometry (LC-MS n ) to examine the distribution of chl-a transformation products in suspended and sinking particles during a cruise to study a North Atlantic spring diatom bloom. A major particle export event was observed upon bloom collapse and thoroughly characterized by independent methods, providing an ideal opportunity to examine the chl-a transformation which occur during such an event (Briggs et al., 2011; Martin et al., 2011; Rynearson et al., 2013) . The objectives of this work were to gain a better understanding of chl-a transformation products in the marine environment during a field study and to examine whether specific chl-a transformation processes were associated with nutrient-limited diatom demise. We hypothesized that the distribution of chl-a and its transformation products would indicate spatial and temporal differences in phytoplankton fate processes and provide insights into the different processes that act on phytoplankton derived particles through the water column.
Methods

Cruise and study site
The 2008 North Atlantic Bloom (NAB08) project was designed to investigate a spring bloom from onset to collapse, and to track the fate of the phytoplankton biomass . A Lagrangian bio-optical float and four Seagliders were deployed before the main cruise, which was conducted aboard R/V Knorr in the region of 61°N, 26°W ca. 400 km southwest of Reykjavik, Iceland. The cruise track and the gliders followed the Lagrangian float, while also surveying adjacent waters.
Sample collection, extraction and analysis
Particles were collected from 5th to 21st May from Niskin bottles and from PELAGRA neutrally buoyant sediment traps (Fig. 1) . We consider these samples to represent "suspended" and "sinking" particles, respectively. However, we note that "suspended" particles in bottle samples would include healthy phytoplankton cells and detrital particles, some of which would be sinking. Suspended particles were collected in 10-liter Niskin bottles mounted on a rosette equipped with a SeaBird CTD. Samples were kept cool and in the dark and filtration (2-6 L through 25 mm Whatman GF/F glass fiber filters) was started immediately following collection. Neutrally buoyant PELAGRA (Particle Export using a Lagrangian trap) sediment traps were used to collect sinking particles (Lampitt et al., 2008) . Each trap can simultaneously collect four independent samples, and while the collection jars are usually filled with a formaldehyde preservative, one jar on each deployment was filled with unpoisoned seawater. Multiple PELAGRA traps were deployed on four occasions, with each trap collecting at a specific depth between 160 m and 750 m (Martin et al., 2011) . Samples for pigment analysis were taken from three of the four deployments. For HPLC analysis, subsamples from unpoisoned jars were filtered onto GF/F filters (Whatman, 25 mm).
Filters of suspended and sinking particles were flash-frozen in liquid nitrogen and stored at a maximum temperature of −70°C for a maximum period of 2 months until HPLC analysis either on board or in the laboratory. Samples were extracted in acetone (3 mL, 100%) by sonication (35-70 s, 4 W). After centrifugation (10 min, 3220 g, 4°C), the supernatant was removed and re-centrifuged to remove fine particulates (4 min, 16,000 g, room temperature). In the case of the sinking particle samples the extraction procedure was repeated until the samples were colorless. Samples and extracts were kept on ice at all times during the extraction process. The extracts were concentrated using SPE cartridges (Phenomenex, 3 mL, 500 mg, C18) (Mantoura and Llewellyn, 1984) . The SPE cartridges were first primed with methanol (2 mL), then Milli-Q water (2 mL) then acetone:water (50:50, 2 mL). The acetone extracts were combined with Milli-Q water (50:50) and passed through the SPE cartridges by syringe. The colored bands were eluted in the minimum volume of 100% acetone. For suspended particles this was between 0.2 mL and 1.1 mL and for sinking particles this was between 1.5 mL and 4 mL.
All pigment extracts were analyzed by high resolution pigment HPLC (Airs et al., 2001 ) on a 1100 series HPLC system (Agilent Technologies UK Ltd, Stockport, Cheshire, UK), comprising a quaternary pump (G1311A), an autosampler (G13291A) and a diode array detector (G1315B) at wavelengths 440 nm and 660 nm. Extracts were prepared for injection in the autosampler using an automated mixing program (90:10 sample:Milli-Q water) and then injected onto two reversedphase mode Spherisorb ODS2 columns in series (3 μm, 150 mm × 4.6 mm i.d; total column length 300 mm) (Waters, Milford, MA, USA) in-line with a pre-column containing the same phase (10 mm × 5 mm i.d.). To prevent rapid deterioration of the pre-column, a Phenomenex (Macclesfield, UK) pre-column filter (Security Guard, ODS C18, 4 mm × 3 mm i.d) was used. For analysis of the sinking particle samples from the sediment traps, the resolution of early-eluting components was Tables 2 and 3 . Adapted from figure in Martin et al., 2011 improved by adjusting the starting composition of the eluent from 5% to 15% ammonium acetate and from 80% to 70% methanol (Table S1 ). This resulted in a minor shift in retention. Selected samples were further analyzed by APCI (atmospheric pressure chemical ionization) LC-MS n on an Agilent Technologies 1200
Series system comprising a G1367B autosampler, a G1312A binary pump, a G1315B diode array detector and a 6330 ion trap equipped with an APCI source operated in positive ionization mode. Interface settings were: drying gas temperature 350°C, vaporizer temperature 450°C, nebulizer pressure 60 psi, and drying gas flow rate 5 L min
The instrument was tuned by direct infusion of chl-a in acetone (0.01 mM). Selected extracts were methyl esterified by adding diazomethane solution in diethyl ether (approximately 1 mL) to the acetone extracts before they were reduced to dryness under a flow of nitrogen. The extracts were then re-dissolved in 100% acetone. The diazomethane was produced in a diazomethane generator (Sigma Aldrich Company Ltd) while cooled in an ice bath using diazogen (0.3 g) (Molekula Ltd, Shaftesbury, Dorset, UK) combined with diethyl ether (1 mL) and ethanol (1 mL). Potassium hydroxide solution (37% w/v) (Fisher Scientific UK Ltd, Loughborough, Leicestershire, UK) was added drop-wise and a yellow solution of diazomethane was produced over a period of 2 h. The diazomethane was used immediately and any remaining product was destroyed by adding 0.1 M HCl. A chl-a standard was obtained from DHI (Hørsholm, Denmark). pheophytin-a (phytin-a) was prepared by shaking a solution of chl-a (0.01 mM, 20 mL) (DHI, Denmark) in diethyl ether (20 mL) with 2 N HCl (5 mL, Sigma Aldrich Company Ltd). The ether layer was separated, washed five times with Milli-Q water and reduced to dryness under a flow of nitrogen. The dry phytin-a was re-dissolved in 90% acetone. The absorbance maxima of chl-a and phytin-a were measured at 660 nm using a spectrophotometer (CE9200 Super Aquarius, Cecil Instruments, Cambridge, UK). Components in the extracts were quantified by HPLC spectrophotometry using the following extinction coefficients (at 660 nm): chl-a: 67.55 L g −1 cm
38.08 L g − 1 cm − 1 . Compounds not listed were quantified using the extinction coefficient from the most similar structure (Table S2 ).
Detection and identification of chlorophylls and chl-a transformation products
The pigments detected in the extracts are given in Table 1 and structures are shown in Fig. 2 . Alongside chl-a, a range of its Type I transformation products were detected. These include pheophytin-a (phytina), pheophorbide-a (phide-a), pyropheophorbide-a (pyrophide-a), the 13 2 -hydroxy chl-a allomer (OH-chl-a), the C-13 2 diastereomer of chl-a (chl-a′), chlorophyllide-a (chlide-a), pyropheophytin-a (pyrophytina) and a sterol chlorin ester (SCE; pyrophide-a esterified to a C 28 sterol with two double bonds). Four peaks 7, 8, 9, 11; ( Fig. 2 ; Table 1 ) gave chlorin-type UV/Vis spectra, but LC/MS n data could not be assigned.
Given their UV/Vis properties and relative retention times, we assume that they are unknown chlorophyll derivatives and they were hence assigned as C 414,666 , C 414,672 , C 426,666 and C 420,658 respectively. For data handling, the percentages of OH-chl-a, C 414,666 , C 414,672 , C 426,666 and C 420,658 were combined as a single group with the addition of chl-a′ (which consistently contributed only ≤ 1.4%). This group was called "chl-a allomers and similarly eluting chlorins" (chl-a allo). Two diastereomers of phide-a were detected (components 5 and 6). Peak 6 was a very minor relative to 5, so the area of the two peaks were combined to give one value for 'phide-a'. The HPLC method we used to analyze the suspended particle extracts did not provide sufficient separation of the early-eluting chlide-a for it to be confidently quantified. For the sinking particle extracts, which were analyzed with the modified solvent gradient, we were able separate and quantitate chlide-a.
Results and discussion
3.1. Bloom dynamics, sampling periods and particle flux
The surface physical and biogeochemical setting is described in detail by Alkire et al. (2012) , Briggs et al. (2011 ), Martin et al. (2011 and Mahadevan et al. (2012) . Briefly, the onset of the bloom appears to have been triggered by eddy-induced stratification, with chl-a concentrations starting to rise around ten days prior to arrival of the R/V Knorr. Sampling for this chl-a transformation study occurred across an area which contained several bloom patches, with high levels of spatial variability in chl-a concentration (see satellite images in Martin et al. (2011) ). The Lagrangian float located inside a discrete patch of elevated chl-a, referred to hereafter as the bloom patch. Chl-a and diatom cell abundance in the bloom patch peaked around year-day (YD) 129 (8 May), with integrated chl-a over the upper 50 m reaching 150 mg m −2 (Alkire et al., 2012; Rynearson et al., 2013) . The bloom was heavily dominated by diatoms, which contributed 56-88% of the combined phyto-and microzooplankton carbons (Rynearson et al., 2013) , but after YD 129 a sharp decline in chlorophyll-a ( Fig. 3 ; (Alkire et al., 2012) ) and a shift towards picoeukaryotes were observed (M. Sieracki, pers. comm.). The concentration of nitrate in the surface mixed layer decreased roughly from 11 to 8.5 μM (Alkire et al., 2012) , while silicic acid decreased from 4 to b1 μM during the cruise (Martin et al., 2011) . Particle flux was low on the first two deployments, but all PELAGRA traps on the third deployment (YD 136) caught a large pulse of particles, with diatom resting spores contributing the majority of the carbon flux even in the deepest trap at 750 m. Fluxes during the final trap deployment were somewhat lower, with much lower fluxes of intact diatom cells, especially in the shallower trap (Martin et al., 2011; Rynearson et al., 2013) . That a major export event started between YD 128 and YD133 was also indicated by depletion of 234 Th and the appearance of spikes in the gliders' optical sensors (Briggs et al., 2011; Martin et al., 2011) . Resting cysts of Chaetoceros aff. diadema contributed the majority of particulate carbon flux during the first three trap deployments. The biomass caught in the traps was physiologically healthy (Rynearson et al., 2013) , and consisted of a large volume of very fine particles, rather than discrete aggregates (Martin et al., 2011) Fluxes of organic carbon, biominerals and estimated diatom carbon into the traps have already been published (Martin et al., 2011; Rynearson et al., 2013) . The chl-a flux into the sediment traps was 0.04-0.2 mg m −2 day − 1 during Deployment 2, 1.5-2.9 mg m − 2 d (Fig. 3, Table 2 ).
Spatial variability in chl-a transformation products
It is important to note that water column samples (suspended particles) analyzed in this study were collected from both inside and outside the bloom patch. The stations were geographically scattered (cf. Fig. 1 ) and the bloom exhibited 'patchiness' (Martin et al., 2011 ). An assessment, based on temperature and salinity of the water mass ((Briggs, Pre-sinking Post-sinking Pre-diatom sinking Post-diatom sinking Table S3 ), determined that eight casts were from inside the patch. No relationship was found between samples being in or out of patch and their chl-a transformation products. Indeed, the only significant effect on the concentration and distribution of chl-a and its transformation products was the loss of diatoms from the euphotic zone.
Temporal changes in chl-a transformation products
During the onset of mass sinking, estimated to have started between YD 128 and YD 133 (Martin et al., 2011) , there was a distinct change in the pigment distribution in the suspended particles, which at 20 m was most distinct between YD 132 and YD 133 ( Fig. 4a; for the distribution at 20 m, for other depths see Table S4 ). For the purpose of this study we classed the casts from YD 126-132 as 'pre-sinking', as they exhibited higher average chl-a concentrations (0.82 ± 0.40 μg L −1 ; Table 3 ) and a relatively consistent distribution of chl-a transformations products (Fig. 4a) . The casts from YD 133-142 also gave a consistent chl-a transformation product distribution, distinct from the pre-sinking period (Fig. 4a) , and a lower average chl-a concentration (0.41 ± 0.18 μg L −1
; Table 3 ), and are thus classed as 'post-sinking'. The difference in chl-a concentration at 20 m between the two periods was significant (t-test, P = 0.008). The difference between the two periods was particularly evident in terms of the average percentage of chl-a (Fig. 4a) , which was 73 ± 5% in the pre-sinking casts and 90 ± 3% post-sinking (significantly different, t-test, P = b 0.001). With this relative increase in chl-a there was a concomitant decrease in the percentage of phide-a, pyrophide-a and to a lesser degree pyrophytin-a. However it was phide-a, the dominant transformation product presinking (av. 16 ± 1.6%), that decreased to the greatest extent postsinking (av. 3.9 ± 2%) (significantly different, t-test, P = b 0.001).
Phide-a is generally considered to be a biomarker for grazing (Cailliau et al., 1997; Hallegraeff, 1981; Llewellyn et al., 2008; Shuman and Lorenzen, 1975; Walker and Keely, 2004; Wright et al., 2010) , hence our data indicate that a much higher proportion of the suspended particles collected from 20 m were associated with zooplankton grazing on phytoplankton pre-sinking than post-sinking. Unfortunately, grazing rates were not estimated during the cruise. However, certain zooplankton have been shown to feed selectively on diatoms, e.g. Calanus helgolandicus (Irigoien et al., 2000) and Calanus finmarchicus (MeyerHarms et al., 1999) . During the 1989 North Atlantic Bloom Experiment, zooplankton ingestion rates were highest when the phytoplankton community was dominated by diatoms, and decreased very rapidly with a shift to a more mixed phytoplankton community (Dam et al., 1993) . It should, however, be noted that phide-a and even pyrophidea can also derive from long-term cellular senescence (Louda et al., 1998 (Louda et al., , 2002 . Furthermore, pyrophide-a has also been proposed as a more reliable marker than phide-a for grazing (Bianchi et al., 1998; Head and Harris, 1992; King and Repeta, 1991) .
Common transformation products of chlorophyll can be categorized by the presence/absence of the central chelating magnesium and/or the presence or absence of phytol esterified at the C13 2 position. The ratio of demetalated (phide-a, pyrophide-a, phytin-a, pyrophytin-a, SCE) to metalated (chl-a, chl-a′, chl-a allo) chlorins, and the ratio of deesterified (phide-a, pyrophide-a, SCE) to esterified (chl-a, chl-a′, chl-a allo, phytin-a, pyrophytin-a) chlorins were calculated and examined for the suspended particle samples from 20 m ( Fig. 4b ; see Table S3 for other depths). Both ratios were similar for all casts, both were on average higher (0.3 ± 0.09 and 0.3 ± 0.1 respectively) in the presinking period than during the post-sinking period (0.06 ± 0.03 and 0.07 ± 0.03 respectively). The change in the demetalated:metalated chlorins ratio between the two periods was significant (t-test, P = b0.001) as was the change in the de-esterified:esterified chlorins ratio (t-test, P = b 0.001). This indicates that the lower amount of chl-a transformation in the post-sinking period was not due specifically to less demetalation reactions or to less de-esterification reactions. In order to further examine whether the change in transformation product distribution could be assigned to specific reactions, the percentages of the transformation products were grouped by 'degree of transformation' according to the number of chemical modifications that had taken place (cf. (Satoh and Hama, 2013) ); as one degree of transformation (1°trans) from chl-a (chl-a′, chl-a allo and phytin-a), two degrees of transformation (2°trans) from chl-a (phide-a, pyrophytin-; a) and three or more degrees of transformation (3+°trans) from chl-a (pyrophide-a, SCE). Overall, in the 20 m samples, the percentage of 1°trans products did not exhibit a distinct change between the pre-and post-sinking periods, it was average 3.9 ± 1.6% pre-sinking and 4.3 ± 0.7% postsinking ( Fig. 4c ; see Table S3 for other depths). The percentage of 2°trans products did exhibit a significant change between the pre-and post-sinking casts (t-test, P = b0.001). Pre-sinking it was the major group, on average 15 ± 5.5%, whereas after the sinking event it declined significantly (t-test, P = b 0.005) to a level similar to the 1°trans products, on average 4.1 ± 1.9%. Similarly, the sum of the 3+°trans products was higher in the pre-sinking casts, on average 5.9 ± 4.8% than postsinking, when it was on average 1.4 ± 1.1%. 
Chl-a transformation products with depth in the water column
Commonly, an increase in the proportion of demetalated and deesterified transformation products is observed with increasing depth in the water column (Cuny et al., 2002; Walker and Keely, 2004) . The ratio of demetalated to metalated chlorins and the ratio of deesterified to esterified chlorins were calculated and examined through the water column. In two casts which represent the pre-sinking period, from YD 126 and 129, both ratios exhibited a local maximum at the surface, decreased with depth to 100 m, and then increased below 100 m (Fig. 5a, b) . On YD 129, when the diatom bloom was at its peak, as judged by chl-a concentration (Table 3) , both ratios were around 0.75 at 10 m, as compared to ratios maxima of around 0.4 at 3 m on YD 126. Post-sinking, both ratios had minimum values near the surface, and increased with depth (YD 135, Fig. 5c ), or reached a peak at 200 m with lower values at 300 m (YD 140, Fig. 5d ).
Transformation products were also classed by 'degree of transformation' as described above. On YD 126 and YD 129, products which had undergone 2°trans represented the highest percent (12-17%), especially near the surface (Fig. 5a, b) . For both YD 126 and YD 129, the percent of 1°trans and 3+°trans were quite similar, although 3+°trans generally saw the greatest increase in percent with depth (Fig. 5a, b) . By YD 135 and 140, post-sinking, 1°trans products represented the highest proportion in the uppermost 20 m (4-7%), followed by 2°trans products (3-5%), with 3 +°trans products contributing only a minor proportion (1-2%; Fig. 5c, d ). Below 20 m, 3+°trans products contributed the highest proportion and 1°trans products the lowest proportion. The proportion of 2°trans products did not change markedly with depth on either cast. 
Depth (m)
Sediment traps
The relative proportions of chl-a and its transformation products in the sinking particles was quite uniform in the D2 and D3 traps (Fig. 6a) , despite the great difference in total chl-a and its transformation product flux. In samples from these two deployments chl-a contributed 31-39% to the sum of chl-a and its transformation products. The most abundant transformation products were pyrophide-a (19%-34%), phide-a (15%-24%) and chlide-a (6%-25%). Many diatoms have highly active chlorophyllase systems and, as such, will preferentially form chlide-a and then pyrophide-a (loss of Mg 2+ ) upon cellular disruption (grazing) and/or breakdown of intracellular compartmentalization during senescence (Jeffrey and Hallegraeff, 1987; Louda et al., 2011) .
The POC:chl-a ratio for the D2 traps ranged between 161 and 234 (average 186 ± 33); while for the D3 traps it was much lower, between 52 and 97 (average 67 ± 26) ( Table 2 ). In contrast, during D4, the 400 m trap contained a higher proportion of pyrophide-a (44%) than those before (at the expense of chl-a), while the 730 m trap contained a higher proportion of both phytin-a (6%) and pyrophytin-a (14%) than the earlier traps (Fig. 6a) . The POC:chl-a ratio values for the D4 trap samples were highly disparate, 769 at 400 m yet only 64 at 730 m ( Table 2) . However, the percentage of chl-a did exhibit a significant negative correlation with the POC:chl-a ratio (ρ = −0.82, P ≤ 0.01, n = 9).
The ratios of demetalated:metalated chlorins and of de-esterified: esterified chlorins were calculated as described earlier. However, for the sinking particles, chlide-a was included in the sum of metalated chlorins and in the sum of de-esterified chlorins (due to insufficient separation which prevented it being confidently quantified in suspended particle samples) and thus the ratios are not directly comparable between sinking and suspended particles. Both ratios were relatively constant in the sinking particles from the D2 and D3 traps, the ratio of demetalated:metalated chlorins ranged from 0.7 to 1.5, while the ratio of de-esterified:esterified chlorins ranged from 1.0 to 1.6 (Fig. 6b) . Again, there were clear differences between the two D4 traps, sinking particles from D4#400 had very high ratios, both N 2, while the ratios in D4#730 were low (that of de-esterified:esterified chlorins was less than half that in the other traps). Of the two ratios, the ratio of deesterified:esterified chlorins exhibited a significant correlation with the POC:chl-a ratio (ρ = 0.7, P ≤ 0.05, n = 9). This is interesting as the ratio of de-esterified:esterified chlorins did not exhibit a greater increase with depth in the water column suspended samples than the ratios of demetalated:metalated chlorins (e.g. Fig. 5 ).
To examine the transformation products in the sediment traps in terms of degree of transformation, chlide-a was added to the sum of 1°trans products, so the results of sinking and suspended particles are not directly comparable. The percentages of the 1°trans products, 2°trans products and 3 +°trans were quite variable, but generally the 3+°trans products contributed a high percentage (20-47%), while the contribution of 2°trans products (16-27%) and the 1°trans products (10-29%) were similar (Fig. 6c ).
Although the total particle flux differed greatly between different traps, the proportions of chl-a and its transformation products were quite uniform over time and depth, suggesting that the type of material and degree of degradation did not change strongly. However, the POC:chl-a ratios contradict this view, with the low ratios in the D3 traps suggesting less degraded material than in the D2 traps. Indeed, no live diatom cells aside from Chaetoceros cysts were found in the D2 traps, and those were estimated to contribute only 10-30% of total POC flux (Rynearson et al., 2013) . In contrast, Chaetoceros cysts contributed 30-60% of total POC flux during D3, and were accompanied by substantial fluxes of vegetative diatom cells (Rynearson et al., 2013) . In fact, chl-a did contribute a slightly higher percentage in the D3 than the D2 traps, while trap D4#400, which had a very high POC:chl-a ratio of 770, also contained the highest proportion of chl-a transformation products.
Overall, the trap material contained a much higher proportion of transformation products than the water column samples from 20 m, as would be expected for material that has experienced further degradation during sedimentation. The relatively high ratios of demetalated:metalated chlorins and of de-esterified:esterified chlorins in the trap material are also consistent with a greater degree of degradation relative to the suspended particles from 20 m, also given the particularly high values in trap D4#400. 
Sterol chlorin esters
A sterol chlorin ester (SCE) was detected in three samples of suspended particles from 20 m (from YD 130-132), where it represented 0.2-0.3% of chl-a and its transformation products (Fig. 4a) . The SCE was also present in six casts at 50 m at a percentage of 0.2-0.3% and in only two casts at 200 m at 0.3-0.5% (Table S4) . A higher percentage of the SCE was detected in the sediment traps: 0.6-1.4% in D2, 0.6-1.1% in D3, and 0.7-3.1% in D4 (Fig. 6a) . The SCE we detected (pyrophide-a esterified to a C 28 sterol with two double bonds) was previously found experimentally be to be the most abundant SCE produced when diatoms were grazed by copepods (Harradine et al., 1996; Talbot et al., 1999) . While the presence of SCE has been associated with microbial activity in culture, most significantly under anoxic conditions (Szymczak-Zyla et al., 2008 Szymczak-Zyla and Kowalewska, 2009) , SCE in the water column can be assigned with more certainty as evidence of grazing than phide-a (Harris et al., 1995a; King and Repeta, 1991; King and Wakeham, 1996; Prowse and Maxwell, 1991; Riffe-Chalard et al., 2000; Squier et al., 2002; Talbot et al., 1999 Talbot et al., , 2000 Tani et al., 2009 ). In the suspended particles, the SCE was only ever present at very low abundances, even in the high phide-a samples. The sediment traps contained a higher percentage of SCE, although very little was detected at 200 m in the water column (Table S4 ). There has only been one previous report of SCEs in seawater samples, in suspended particles from the Gulf of Gdańsk (Baltic Sea) (Szymczak-Żyła and Kowalewska, 2007) . It should be noted that we did not detect a number of other products associated with grazing, including carotenol chlorin esters (CCEs) (Goericke et al., 1999) , chlone-a (Chen et al., 2003a (Chen et al., , 2003b Chillier et al., 1993; Goericke et al., 1999; Harris et al., 1995b; Louda et al., 2000; Ocampo, 1999; Sakata et al., 1990; Walker and Keely, 2004; Watanabe et al., 1993; Yamamoto et al., 1992) and 13 2 ,17 3 -cyclo phide-a enol, which has been particularly associated with protist grazing (Kashiyama et al., 2012) . The absence of 13 2 ,17 3 -cyclo phide-a enol might be an artifact of our separation and detection method (Goericke et al., 2000) , as extreme measures are required to avoid its oxidation (Kashiyama et al., 2012) . However, the method we used can detect chlorophyllones (Airs et al., 2001 ), but none were found in our samples.
Conclusions
One of the central aims of this study was to examine whether the distribution of chl-a and its transformation products would reflect spatial and temporal differences in phytoplankton fate processes during the pre-and post-sinking of the diatom bloom. Indeed, in terms of temporal changes, the profile of chl-a transformation products in suspended particles changed sharply during the decline of the diatom bloom, with distinct signatures observed before and after a mass diatom sinking event. While it was not possible to associate specific chl-a transformation processes with diatom bloom demise due to nutrient limitation, degree of transformation of the pigments provided a clear signature of the two different periods studied. In terms of spatial variability, the chl-a transformation products in suspended particles did not reflect the high levels of heterogeneity in the chl-a concentration observed. This suggests that community composition is a more important factor in determining the distribution of chl-a and its transformation products than bloom intensity.
Changes in the transformation product distribution with depth in the water column was also expected to provide insights into the different processes that act on phytoplankton-derived particles as they sink through the water column. However, it was found that sinking particles caught in sediment traps were dominated by relatively fresh diatomderived material that, despite having a higher ratio of transformation products to chl-a, exhibited a similar profile of transformation products to that found in suspended particles from 20 m. Furthermore, despite a wide range in the downward flux and a range in the material's freshness, as indicated by their POC:chl-a ratios, the distribution of chl-a transformation products was relatively consistent between traps. These findings point to the complexity of processes affecting the transformation of chlorophylls throughout the water column.
